The recent development of an efficient transformation method and shuttle vectors for Haloferax vokanii has set the stage for rapid progress in archaebacterial molecular biology. We describe a shuttle-expression vector that can be selected for and maintained in either H. vokanji or Escherichia coli and permits the expression of cloned genes in H. volcanii. The vector, pWL204, was constructed by incorporating an H. vokanii tRNALYS gene promoter into a derivative of the H. vokcanii-E. coli shuttle vector pWL102. The vector has been used to express a modified, intron-containing, H. mediterranei tRNATrP gene (tRNATrP-0167). Transcription from the tRNALYS gene promoter in vivo was detected by Northern (RNA) analysis with an oligonucleotide probe complementary to the unique intron sequence of tRNATrP-0167. Dependence of transcription on the tRNALYS promoter was demonstrated by the absence of transcription when the promoter sequence was deleted from the vector and by mapping the transcription initiation site by primer extension.
Recognition of the archaebacteria as a distinct evolutionary lineage (19, 38, 39) has stimulated interest in the genetics and biochemistry of these organisms. Although our understanding of archaebacterial molecular biology has increased steadily over the last several years, a more comprehensive analysis of gene structure, gene expression, and protein function will require an efficient genetic analysis system.
The development of plasmid-based genetic exchange systems in the archaebacteria has been hindered by the lack of suitable selective markers; as a group, the archaebacteria are resistant to most common antibiotics (1, 2, 6) . Progress in this area has come recently with the isolation of halobacterial strains which are resistant to mevinolin (22) , a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, and to novobiocin (18) , a DNA gyrase inhibitor. This, coupled with the recent development of an efficient transformation method (8) for Halobacterium halobium and Haloferax volcanii (formerly Halobacterium volcanii), has made it possible to develop plasmids with selectable markers for introduction into the halophiles.
The halophiles, in particular members of the genus Haloferax, offer distinct advantages over other archaebacteria in the development of genetic exchange systems. These organisms are readily cultured in liquid or solid media containing salts and single carbon sources, they can be made competent for the uptake of plasmid and linear DNA (8) , they have a natural genetic exchange system (31) , and cells carrying a variety of stable mutations are available. Exploiting these characteristics, Lam and Doolittle (22) have recently constructed shuttle vectors that can be selected and maintained in either H. volcanii or Escherichia coli. The vectors pWL101 and pWL102 contain portions of the endogenous H. volcanii plasmid pHV2, portions of the ampicillin-and tetracycline-resistance-conferring pBR322 derivative, pAT153, and an H. volcanii chromosomal gene that confers resistance to mevinolin. In this report, we describe a shuttleexpression vector constructed from a derivative of pWL102 Fig. 1 . The KpnI-NcoI restriction endonuclease-digested pWL102 plasmid was first treated with S1 nuclease to remove the 3' overhang of the KpnI site. This was followed by treatment with DNA polymerase large fragment and the four deoxynucleoside triphosphates to ensure blunt-end formation (25) . The RNA (20 ,ug per well) was separated by electrophoresis through a denaturing polyacrylamide gel consisting of a 3.5% stacking gel and a 9.5% separating gel. For molecular size markers, 10,000 cpm of uniformly [R-32P]ATP-labeled intron endonuclease-cleaved tRNATrp_0167 RNA (35) was run alongside the cellular RNA. After electrophoresis, the RNA was transferred to a Zeta-Probe nylon membrane (Bio-Rad Laboratories, Richmond, Calif.) with an electrophoretic blotter (Idea Scientific, Corvallis, Oreg.). The membrane was air dried, baked (80°C, 1 h), and then prehybridized at 56°C in a solution containing 2x SSC (300 mM NaCl, 35 mM trisodium citrate), 1% sodium dodecyl sulfate, 0.4 mg of denatured salmon sperm DNA per ml, and 0.5% Blotto. After prehybridization, 10 ng of the tRNATrP-0167 intronspecific oligonucleotide 0167INT was 5' end labeled with [y-32P]ATP and polynucleotide kinase and added to the prehybridization solution. Hybridization was continued at 56°C for 14 h. The blot was washed twice at room temperature in a solution containing 2x SSC plus 0.1% sodium dodecyl sulfate, and hybridized RNAs were detected by autoradiography.
Primer extension. Total H. volcanii RNA used as a template for avian myeloblastosis virus reverse transcriptase was isolated from a pWL202 transformant as described above for Northern analysis. The synthetic oligonucleotide 0167INT was used as a primer for reverse transcriptase (3). The same oligonucleotide was used to prime a DNA sequencing reaction with the M13mpl8 tRNATrp_0167 template as described above for the verification of the expression vector construction. Primer extension and DNA sequencing reaction products were electrophoresed in adjacent wells through a 6% denaturing polyacrylamide gel. The base at the 5' end of the tRNATrP-0167 primary transcript was determined by comparison with the adjacent DNA sequence ladder.
RESULTS
Construction of E. coli-H. volcanii shuttle-expression vector. In the development of the halophilic expression vector, we utilized the previously described H. volcanii-E. coli shuttle vector as a vehicle and the H. volcanii tRNALYs gene 5' leader region as a promoter module. The leader region of the tRNALYS gene was chosen as a potential promoter since it contained the conserved box A (TTlATAATA) and box B (ATGC) sequence elements, which have been inferred from in vitro studies (5, 17, 32, 33, 34) to constitute an archaebacterial promoter. This region also contains the purine-rich elements (Fig. 2) characteristic of halobacterial stable RNA promoter regions (9, 12, 23, 26, 28, 30) .
Construction of the shuttle-expression vector was initiated by cloning the promoter region of the H. volcandi tRNALYS gene and the tRNATrp_0167 reporter gene into the multiple cloning region of pUC18. This multiple cloning region, containing the tRNATrP-0167 gene 3' to the promoter, was subcloned into the unique HindIII and EcoRI sites of the pWL102 derivative pWL201 to give the plasmid pWL202.
Sequencing of the HindIII-EcoRI fragment verified that the expected construct was obtained (Fig. 2) Expression of modified tRNATrP gene in H. volcandi. Northern analysis was used to determine whether transcripts from the tRNATTrp_0167 gene were among the RNAs of the pWL202 transformant. Using the intron-specific probe 0167INT, two major intron-containing RNAs of 155 and 98 nucleotides were apparent. The larger RNA species most probably represents the primary transcript from the gene (see below). The smaller, 98-nucleotide species is similar in size to the synthetic H. mediterranei tRNATTrpI0167 in vitro transcript; the in vitro-produced RNA begins with the first nucleotide of the mature tRNA and ends with a CCA 3' terminus. A fragment corresponding to the excised intron (22 nucleotides) was not detected in the hybridization.
The dependence of transcription on the tRNALYS gene promoter was demonstrated when RNAs isolated from a transformant carrying the plasmid pWL203 failed to hybridize to the 0167INT probe (Fig. 3) . The plasmid pWL203 is a deletion derivative of the plasmid pWL202 in which the HindIII-XbaI tRNALYs promoter-containing fragment has been removed (see Materials and Methods).
Transcription start site. Further evidence for the dependence of transcription on the tRNALYS gene promoter was provided by locating the 5' end of the primary transcript. Primer extension analysis indicated the presence of two major RNA species (Fig. 4) . The larger RNA corresponds in size to the 155-nucleotide species observed in the Northern analysis and represents a discrete RNA species beginning at G-128 (Fig. 2) . This residue lies within the box B sequence TTGC, the expected location for transcription initiation. The most predominant extension product, 98 nucleotides, corresponds in size to an intron-containing species in which the 5' leader region has been removed by RNase P. This is consistent with the Northern analysis in which the 98-nucleotide species comigrated with the in vitro-produced tRNATrP_ 0167 RNA, which lacks the 5' leader sequences.
Although the site of transcription termination has yet to be defined, the length of the tRNATrP_0167 apparent primary transcript (155 nucleotides) is consistent with termination occurring within a few nucleotides of the mature 3' terminus of the tRNA.
DISCUSSION
Comparative sequence analysis, transcript mapping, and RNA polymerase footprinting (4, 5, 17, 32, 33, 34) (Fig. 3) . In addition, primer extension analysis mapped the site of transcription initiation to residue G-127 within the box B sequence of the tRNALYS promoter fragment (Fig. 4) . These data provide the first support for the proposal that the box A and B sequences are required for transcription by the halophiles in vivo.
As well as the primary box A and B sequences, the tRNALYS promoter fragment contains a second, upstream, box A-like sequence located at positions 29 to 40 in the tRNALYS element (Fig. 2) these sequences in the promoter regions of other halophilic stable RNA promoters (9, 12, 13, 23, 26, 28, 30) suggests a role for these sequences in transcription. These sequences may function in growth rate-dependent expression, similar to the eubacterial discriminator sequences (36) , affect the structure or bendability of the promoter region (37), or act as sites for the binding of specific transcription factors. Interestingly, in vitro transcription of tRNA genes by Methanococcus vannieldi RNA polymerase has been shown to require the presence of a transcription factor (15) .
The in vivo transcripts from the tRNATrP_0167 gene enter into the cellular pool of pre-tRNAs for maturation (14) . The 98-nucleotide species detected in Northern analysis (Fig. 3) and the major product of primer extension (Fig. 4) correspond to the 5'-end-matured pre-tRNA. Although RNase P activity has been detected in H. volcanii (24; D. T. Nieuwlandt and C. J. Daniels, unpublished data), the temporal order of intron and flanking sequence removal is not known. However, these results indicate that RNase P can act in vivo on tRNATrp_0167 RNA containing the 22-nucleotide intron.
It was not possible to determine whether tRNATrp_0167 RNA was a substrate for in vivo intron-processing enzymes. Ligated exons from the plasmid-encoded tRNATrp_0167 gene could not be distinguished from those originating from the chromosomal tRNATrp gene since both genes have identical exon sequences. The inability to detect the 22-nucleotide intron, the predicted product of endonuclease cleavage of pre-tRNATrP-0167 RNA, was not unexpected. This RNA, if produced, is likely to be rapidly degraded, since only small amounts of the highly structured 104-nucleotide intron derived from the wild-type tRNATrP can be detected in vivo (11) . Establishment of a suppression assay or modification of the exon sequences of the plasmidencoded tRNATrp will be necessary to determine whether plasmid-derived pre-tRNAs are converted to mature tRNAs. Base modification and 3'-end processing, including CCA addition, were not investigated in this study.
Using the promoter vector and the modified tRNATrp gene, or other reporter genes, it is now possible to determine the sequences which constitute a halobacterial promoter and to examine the regulation of stable RNA gene transcription in vivo. The recent development of an integration vector for Methanococcus voltae (16) and the halobacterial in vivo system described in this report will make it possible to examine the question of whether promoters for different gene types and between different archaebacteria are related.
